The aim of this study was to investigate the effect of post-machining sintering on marginal and internal fit of CAD/CAMfabricated zirconia frameworks. Single crown copings (A: abutment), three-unit bridge frameworks (APA, P: pontic), four-unit bridge frameworks (APPA), and five-unit bridge frameworks (A1 P1 A2 P2 A3) were fabricated with raw-stage zirconia blanks using a commercial CAD/CAM system (KATANA®, Noritake Dental Supply Co. Ltd., Aichi, Japan). Crown copings and frameworks were cemented to their respective master abutment models, and thickness of the cement layer was measured at specific measuring points. Marginal and internal fit of both APA and APPA were within clinical acceptance. However, the marginal gap and thickness of the cement layer on the axial surface of the pontic side of APA and APPA were slightly higher than those of the non-pontic side. As for the marginal gap of A1 P1 A2 P2 A3 framework, it was superior to those of APA and APPA because the center abutment supported the framework to prevent distortion.
INTRODUCTION
For the dual purpose of meeting patient expectations for good esthetic results and circumventing allergy concerns arising from contact with metallic frameworks [1] [2] [3] [4] [5] [6] [7] [8] , all-ceramic restorations have become both a necessary alternative as well as a preferred choice. Against this background, all-ceramic fixed partial dentures (FPDs) using CAD/CAM-fabricated alumina and zirconia frameworks are now available and aplenty in clinics. In particular, zirconia ceramics seem especially promising for use in long frameworks because of their high fracture toughness [9] [10] [11] . Currently, three types of zirconia blanks are available for the CAD/CAM system. One is the completely sintered dense blanks for direct machining by CAD/CAM. The other two types of blanks for CAD/ CAM fabrication require post-machining sintering to obtain final products with sufficient strength. They are namely blanks at the green stage or pre-sintered blocks, while another type are blanks at the raw stage in the form of a partially stabilized zirconia powder mixed with a binder. Completely sintered blanks are advantageous for avoiding undesirable dimensional changes -a result of sintering shrinkage that occurs during post-machining heat treatments; however, they have the disadvantage of damaging tools and causing chip formation during machining. On the other hand, pre-sintered blanks are advantageous for easy machining without damaging tools and causing chip formation. However, owing to the large sintering shrinkage that occurs during post-machining heat treatments, it is necessary to correct the accompanying changes in framework dimensions.
Marginal fit plays an indisputably central role in the clinical success of restorations 12, 13) . On this score, many studies have focused on investigating the fit of zirconia frameworks fabricated with the different CAD/CAM systems currently available in the market. Hertlein et al. reported that three-unit bridges (APA, A: abutment, P: Pontic) and four-unit bridges (AAPA) fabricated by the Lava ® system that machined green-stage blanks with post-machining sintering showed good fit 14) . Similarly, Reich et al. reported that three-unit bridges (APA) fabricated by both the Digident ® and Lava ® systems showed good fit 15) . On the other hand, using completely sintered dense blanks, Tinschert et al. reported on acceptable marginal fit of three-unit bridges (APA), four-unit bridges (APPA), and five-unit bridges (APPPA) fabricated by the DCS ® system 16) . As for the sintering shrinkage of pontics, it should also be taken into account as it might affect the marginal and internal fit of the abutment of bridges. However, to date, reports on average marginal gap did not consider the marginal gaps of either the pontic or non-pontic side -which meant that the effect of post-machining sintering on the overall fit of framework to the abutment has not been clarified yet 14, 15, 16) . In this study, therefore, we sought to investigate the effect of post-machining sintering on the overall fit of CAD/CAM-fabricated restorations by taking into consideration the marginal gaps of both the pontic and non-pontic sides.
In view of the abovementioned study objective, standardized models for single crown copings (A), three-unit bridge frameworks (APA), four-unit bridge frameworks (APPA), and five-unit bridge frameworks (A 1 P 1 A 2 P 2 A 3 ) were prepared. Using a recently developed commercial CAD/CAM system (KATANA ® , Noritake Dental Supply Co. Ltd., Aichi, Japan), zirconia copings and frameworks were fabricated with rawstage blanks followed by post-machining sintering. Marginal and internal fit of the copings and frameworks on the abutment of each model were evaluated, and then compared with the cement space of both pontic and non-pontic sides. Figure 1 illustrates the shape and dimension of the master abutment. The marginal part was fixed with these dimensions: 10 mm diameter, 5 mm axial height, 10％ axial taper, and 1-mm-wide shoulder. Master abutments were prepared by NC machining using stainless steel (SUS304). Prepared master abutments were then fixed on a metal plate using screws to prepare the master models for a single crown (A), a three-unit bridge framework (APA), a four-unit bridge framework (APPA), and a five-unit bridge framework (A 1 P 1 A 2 P 2 A 3 ) (Figs. 2 and 3) . Impressions of each model (A, APA, APPA, and A 1 P 1 A 2 P 2 A 3 ) were taken using a silicon impression material (Duplicone, Shofu Inc., Kyoto, Japan). A dental stone (MILLENNIUM, Shimomura Gypsum Inc., Saitama, Japan) was then cast in the impressions to produce stone models.
MATERIALS AND METHODS

Master abutment and models
Fabrication of copings and frameworks
A commercial dental CAD/CAM system, KATANA ® , was used to fabricate the zirconia copings and frameworks used in this study.
Stone models of the coping (A) and frameworks (APA, APPA, and A 1 P 1 A 2 P 2 A 3 ) were scanned using the measuring apparatus. Scanned data were then converted into CAD data. Copings for all-ceramic crowns and frameworks for all-ceramic fixed partial dentures were designed using the CAD software. Sizes of all machined products were designed to be 21％ larger than those of the stone models with due consideration of sintering shrinkage. For the CAD/CAM system used in this study, the amount of cement space at the margin, axial and occlusal surfaces could be deter- Frameworks seated on zirconia powder during the post-machining sintering process in a furnace.
mined independently when designing the coping and frameworks. No cement space was included for the margin, and 50 μm was used for the axial and occlusal surfaces of the abutment. Thickness of the frameworks was fixed at 0.5 mm, and all pontics were designed to be of the same dimensions. Design data were converted into processing data and sent to the processing machine. Designed copings and frameworks were milled with tungsten carbide burs of 1.3 mm diameter from raw-stage zirconia blanks of partially stabilized zirconia powder (95％ ZrO 2 , stabilized by 5％ Y 2 O 3 ) mixed with a binder. Fabricated copings and frameworks were seated on zirconia powder sprayed on a tray. At this juncture, the occlusal surfaces of the copings and frameworks were placed facing down to be in slight contact with the zirconia powder (Fig. 4) . Copings and frameworks were heated up to 500℃ to vaporize the binder, then continuously sintered at 1,400℃ using a sintering furnace.
Measurement of marginal and internal gaps
Completed zirconia copings and frameworks were cemented to each master abutment model using a resin luting cement (RelyX ARC, 3M ESPE, St. Paul, MN, USA) according to manufacturer' s specifications without any adjustment on the inside. Cemented pieces were immediately subjected to a fixed load of 2 kgf, and excess cement paste was removed. After embedding cemented copings and frameworks with their respective master abutment models in an acrylic resin (Palapress Vario, Heraeus Kulzer, Wehrheim, Germany), they were sectioned in the mesiodistal direction with a low-speed diamond cutting machine (Isomet #11-4255, Buehler Ltd., Lake Bluff, IL, USA). Thickness of the cement layer was measured using a digital microscope (Moticam 2000, Shimadzu, Kyoto, Japan) at ×40 magnification. Five measurement points were set for one abutment as illustrated in Fig. 5 .
Marginal gap -a parameter intended for evaluating marginal fit -was defined as the vertical distance from the internal surfaces of the copings and frameworks to the surface of the master abutment close to the finish line, as illustrated in Fig. 6 . Three copings and frameworks of each type of crown/bridge framework were examined.
Statistical analysis was performed to compare the marginal and internal fit of different models at 0.05 level of significance using Tukey' s test. Figure 7 summarizes the mean values and standard deviations of the marginal gaps and thicknesses of the cement layer at each measuring point.
RESULTS
With the single-crown coping, mean value of the marginal gap (points 1 and 5) was 3.6 μm (SD: ±5.8 μm). As for the thickness of the cement layer, mean values at the axial surface (points 2 and 4) and occlusal surface were 50.9 μm (SD: ±1.1 μm) and 101.7 μm (SD: ±9.5 μm) respectively.
With three-unit bridge framework (APA), mean values of the marginal gap at non-pontic side (points 1 and 10) and pontic side (points 5 and 6) were 4.2 μm (SD: ±7.2 μm) and 43.2 μm (SD: ±8.7 μm) respectively. As for the thickness of the cement layer, mean values at the axial surface of the non-pontic side (points 2 and 9) and that of the pontic side (points 4 and 7) were 10.9 μm (SD: ±9.5 μm) and 118.7 μm (SD: ±6.3 μm) respectively. At the occlusal surface (points 3 and 8), the mean value of the thickness of the cement layer was 136.5 μm (SD: ±5.8 μm).
With four-unit bridge framework (APPA), mean values of the marginal gap at non-pontic side (points 1 and 10) and pontic side (points 5 and 6) were 10.3 μm (SD: ±8.9 μm) and 63 μm (SD: ±14.8 μm) respectively. As for the thickness of the cement layer, mean values at the axial surface of the non-pontic side (points 2 and 9) and that of the pontic side (points 4 and 7) were 9 μm (SD: ±4.9 μm) and 115 μm (SD: ±13.5 μm) respectively. As for the thickness of the cement layer, mean value at the occlusal surface (points 3 and 8) was 146.5 μm (SD: ±12.5 μm).
With five-unit bridge framework (A 1 P 1 A 2 P 2 A 3 ), mean values of the marginal gap at non-pontic side (points 1 and 15) was 12.8 μm (SD: ±9 μm). As for the thickness of the cement layer, mean values at the axial surface of the non-pontic side (points 2 and 14) was 24.2 μm (SD: ±16.2 μm), while that at the occlusal surface (points 3 and 13) was 112.4 μm (SD: ±9.5 μm). For the pontic side, mean value of the thickness of the cement layer on the axial surface (points 4 and 12) was 128.1 μm (SD: ±21.1 μm), while mean value of the marginal gap (points 5 and 11) was 9.5 μm (SD: ±7.3 μm). For the coping at the center of the five-unit bridge, the average marginal gap (points 6 and 10) was 19.4 μm (SD: ±21.3 μm). In terms of the thicknesses of the cement layer, mean values at the axial surface (points 7 and 9) and occlusal surface (point 8) were 76.7 μm (SD: ±10.3 μm) and 119 μm (SD: ±16.4 μm) respectively.
There were no significant differences in the mean values of the marginal gap at non-pontic side among the single-crown coping, three-unit bridge, four-unit bridge, and five-unit bridge frameworks (P<0.05). However, in terms of marginal gap and thickness of the cement layer on the axial surface of the pontic side as well as marginal gaps of non-pontic side, the 3-unit bridge and 4-unit bridge frameworks showed significant differences (P<0.05). As for the 5-unit bridge framework, no significant differences in marginal gap were observed between the pontic and non-pontic sides.
DISCUSSION
Since 1990, we had launched into the research and development of the CAD/CAM system to fabricate prostheses 17) . Through this effort, we succeeded in developing a software to automatically design an optimally shaped and structured crown. Subsequently, an initial prototype of a compact CAD/CAM machine was announced in 1994. It consisted of a small laser displacement gage and a milling device, and was able to perform both measurement and processing tasks in the same chamber. This device was probably the world' s first integrated dental CAD/CAM device 18, 19) . Following further efforts of modification and improvement in both hardware and software, this device was marketed in Japan in 1999 under the product name, DECSY ® . Research and development on DECSY ® continued unabated. In 2003, DECSY Scan ® -a small measuring device -was launched. This system uses a line laser beam and a CCD camera that allow high-speed, high-precision measurements. Projection of the line laser beam and imaging with the CCD camera are performed at an angle. As such, measurements take place as the model itself is rotated, thereby drastically improving the precision of margin measurements.
Owing to increasing concerns about metal allergy coupled with an increasing demand for improved esthetics, ceramics have become a material of choice for bridge frameworks. Among the ceramic materials, zirconia ceramics (especially partially stabilized zirconia with yttria) have an upperhand advantage of greater fracture toughness 20) . However, the shaping and machining of this material is difficult in a conventional dental laboratory. As such, new technologies such as CAD/CAM processing using networks and industrial facilities have since sprouted. For example, with the Procera ® system, outsourcing in specialized dental technologies was made possible via networks. Indeed, this system had a great impact in the field of dental technologies worldwide.
Currently, a network is supported by a number of systems for the fabrication of zirconia frameworks. In dental laboratories nowadays, only a small measuring device is installed. Once a model is measured, data are sent to a processing center via the Internet. A processing center is a special factory for medical devices. Using large, computer-controlled processing machines, the processing center more efficiently produces betterfitting frameworks and delivers them to the laboratory that orders them. In the laboratory, esthetic restorations are completed by baking specific porcelain on the framework. Therefore, the use of this network system offers multiple benefits: reduces labor by eliminating the need for individual CAD/CAM equipment, as well as centralizes the control of product quality and production processes.
As mentioned in the INTRODUCTION section, three types of zirconia blanks are currently available. A popular method involves the use of green-stage blanks and raw-stage blanks because of easy machining, but must be followed by post-machining sintering. A newly developed CAD/CAM system, KATANA ® , uses raw-stage blanks. However, to date, the effects of post-machining sintering on the marginal and internal fit of frameworks have not been evaluated. Therefore, to the end of thoroughly evaluating the fit of zirconia copings and frameworks fabricated by KATANA ® , standardized models of single-crown coping and bridge frameworks (A, APA, APPA, and A 1 P 1 A 2 P 2 A 3 ) were prepared in this study.
In this study, the amount of cement space could be determined independently when the coping and frameworks were designed. As such, no cement space was used for the margin and 50 μm was used for the axial and occlusal surfaces of the abutment. it was found that the marginal gap and thickness of the cement layer on the axial surface of single-crown coping were almost the same as those of the designed cement space. These values were excellent when compared with those previously reported using other CAD/CAM systems 21, 22) . The excellent fit obtained herein in this study, we believed, could be attributed to the laser scanning system of KATANA ® , which accurately measured the margin line of the stone model. As a result, the shrinkage adjustment of milled zirconia blanks during the CAD process was satisfactory.
On the other hand, the mean value of the thickness of cement layer at the occlusal surface was larger than the set value. For this large discrepancy, we believed it could be attributed to the anisotropic shrinkage of zirconia blanks subjected to post-machining sintering. As a result, sintering shrinkage in the tooth axis was smaller than that in the horizontal axis. Due to this shrinkage property, either uniform zirconia blanks need to be prepared for post-machining sintering or that dimensional changes of frameworks need to be corrected/adjusted in view of the anisotropic shrinkage of the blanks.
With the three-unit (APA) and four-unit (APPA) bridge frameworks prepared in this study, the mean values of the marginal gap were also excellent compared with other CAD/CAM systems 15, 16) . However, marginal gaps on the pontic side were significantly larger than those on the non-pontic side. When the distance between abutments became larger, the discrepancy between the pontic and non-pontic sides also became larger. Similarly, the mean values of the thickness of cement layer on the axial surface of pontic side were larger than those of the non-pontic side.
Comparing the data between single-crown coping and bridge frameworks, the shrinkage of the pontic during post-machining sintering obviously influenced adaptability. Nonetheless, the effects of the current system (KATANA ® ) on the marginal and internal fit of threeunit and four-unit bridge frameworks were found to be within clinical acceptance.
With the five-unit bridge framework (A 1 P 1 A 2 P 2 A 3 ) prepared in this study, it was intended to evaluate the effect of center abutment (A 2 ) on the total marginal fit of the framework. Interestingly, marginal gaps on the pontic sides of A 1 and A 3 were significantly smaller than those on the non-pontic sides of A 1 and A 3 . Furthermore, the marginal gaps of A 2 on both pontic sides were also significantly smaller than those of APA and APPA. Apparently, therefore, the marginal adaptability of A 1 P 1 A 2 P 2 A 3 was significantly improved.
It is noteworthy that distortion of frameworks during post-machining sintering might have produced bending stress on the frameworks of APA and APPA. As a result, axes of the abutment portion of these frameworks inclined, leading to a discrepancy in the marginal gap between the pontic and non-pontic sides. However, in the A 1 P 1 A 2 P 2 A 3 , framework, the distortion of A 2 caused by the shrinkage of P 1 was compensated by the distortion caused by the shrinkage of P 2 . Consequently, the axis of the abutment portion (A 2 ) of the framework was kept vertical, thereby resulting in an excellent marginal fit for A 2 . Thus, findings of this study clearly showed that framework design was important to preventing distortion of long frameworks during post-machining sintering.
CONCLUSIONS
Single-crown coping (A: abutment), three-unit bridge framework (APA, P: pontic), four-unit bridge framework (APPA), and five-unit bridge framework (A 1 P 1 A 2 P 2 A 3 ) were fabricated with zirconia raw-stage blanks using a commercial CAD/CAM system (Kataba
